Introduction {#sec1}
============

Today, and increasingly so, scientists and engineers are able to prepare polymer coatings on surfaces in a range of architectures and with in-built designer functionalities and responsive properties.^[@ref1],[@ref2]^ Polymer brushes---dense assemblies of polymer chains end-grafted to a substrate^[@ref3]^---are a type of architecture that continues to receive attention.^[@ref4]^ Brushes of weak (ionizable) polyelectrolytes are perhaps the most motivating case as they are both water-soluble and their extension and charge state can be manipulated by changes in environmental conditions like pH, ionic strength, and temperature.^[@ref5],[@ref6]^ To take one example, this tunable behavior becomes particularly interesting for many aqueous complex fluid applications. Indeed, nanoparticles modified with polyelectrolyte brushes have been shown to act as stimuli-responsive emulsifiers at remarkably low concentrations,^[@ref7]^ perform as steric stabilizing layers in the challenging conditions of high temperature brines,^[@ref8]^ work as oil recovery agents,^[@ref9]^ and found to be highly effective at reducing the boundary lubrication between surfaces.^[@ref10]−[@ref12]^

To fully comprehend the applicability of polymer brush coatings, in-depth fundamental understanding of their nanoscale behavior is important. As outlined above, of particular interest is the behavior of weakly charged polyelectrolyte brushes in aqueous solution.^[@ref6]^ In solution, densely packed polyelectrolyte brush assemblies must accommodate the energetically unfavorable interactions between charged monomers and this can be achieved in three main ways. The first way is charge-regulation, which is possible for ionizable monomers, where the brush can shift the local acid--base equilibria toward the neutral state. For weak polybases, this means that the recruitment of protons from the bulk solution is not favored, thus keeping the brush charge low. The second way is chain extension, where individual chains can extend further from the substrate to increase the distance between charged monomers. Extension of the tethered chains occurs at the expense of their conformational entropy. The third way is the localization of salt ions within the brush. Salt counterions that do not participate in the acid--base equilibria can be recruited from the bulk solution to screen the monomer charges, but at the cost of reducing the configurational entropy of the salt counterions. It is the balance of these three responses that governs the charge and swelling behavior of weak polyelectrolyte brushes in aqueous solution, with the pH and ionic strength determining the relative role of responses.

For weak polybasic brushes in acidic solutions, or more specifically at pH values less than the apparent brush p*K*~a~, the polymer chains become highly charged.^[@ref6]^ This results in increased chain extension (electrostatic driving force) and increased solvation (osmotic driving force) of the brush. Importantly, this pH-induced swelling response is only observed above certain concentrations of salt in solution, because at very low ionic strengths the charge-regulation mechanism is strongly favored; the influence of salt will be discussed in the next paragraph. The opposite behavior is true for pH values above the apparent brush p*K*~a~, where the brush essentially behaves as a neutral one and adopts a relatively collapsed conformation dependent on the inherent hydrophobicity of the polymer.^[@ref13]^ In this article, we study a weakly basic poly(2-diisopropylamino)ethyl methacrylate (PDPA) brush (note: also abbreviated as PDPAEMA in some of the literature studies). Untethered (free in solution) PDPA has an apparent p*K*~a~ value of ∼6,^[@ref14]^ which signifies its globule to coil conformational transition with decreasing solution pH. PDPA brushes exhibit apparent p*K*~a~ values similar to that of the untethered polymer with a broader switch from a collapsed to an extended brush conformation.^[@ref13],[@ref15]^

The behavior of weak polyelectrolyte brushes is sensitive to the presence of added salt ions. This has been revealed theoretically^[@ref16]−[@ref18]^ and experimentally,^[@ref19]−[@ref21]^ and is described in greater detail elsewhere.^[@ref6]^ At low bulk ionic strengths, the brush charge is low and thin layers are favored (charge-regulation dominates). As the bulk ionic strength increases, so does the brush charge and this results in a concurrent increase in brush height due to a combination of osmotic (from localized hydrated counterions) and electrostatic (charge repulsion) driving forces (chain extension); the osmotic brush regime. At high bulk ionic strengths, the monomers are fully charged, but Debye lengths are small and the brush height decreases. With all other brush characteristics being equal, hydrophilic polymers will swell (extend) more and variations in brush height are much less than for hydrophobic polymers due to the more favored polymer--water interactions.^[@ref22]^ In addition to an ionic strength response, weak polyelectrolyte brushes (both anionic^[@ref23]^ and cationic^[@ref24]^) exhibit specific-ion behavior that typically follows the Hofmeister series^[@ref25]^ and becomes more pronounced at bulk ionic strengths greater than ∼10 mM. In the presence of monovalent salt solutions, the swelling of weak polybasic brushes (and gels^[@ref26]^) is high for strongly hydrated anions, like CH~3~COO^--^ and Cl^--^, whereas weakly hydrated anions, like NO~3~^--^ and SCN^--^, result in much less swelling and even complete collapse of the brush layer.^[@ref24],[@ref27],[@ref28]^

Experimentally and theoretically, it is known that the behavior including chain extension, charge, layer solvation, and structure of weak polyelectrolyte brushes depends on pH, ionic strength, ion valence, and ion type. However, almost all studies are restricted to relatively simple environmental situations like brushes (and gels) and immersed in solutions containing only one type of salt. There is a need to understand how these types of systems respond to more real-world scenarios where typical mixtures of ions are present. Many biological proteins have brush-like structures that exist in mixed salt environments. One example is the lubricin glycoprotein^[@ref29]^ that is in part responsible for providing the highly lubricous sliding actions of mammalian synovial joints. Recently, we have used mean-field theory to make predictions about the behavior of weak polyelectrolyte brushes in solutions containing mixtures of salts (mixed salt solutions).^[@ref30]^ For hydrophilic polymers, the influence of mixed salts is predicted to be small. However, the effects predicted for hydrophobic polymers are much more dramatic. In this article, we test the latter prediction by performing detailed ellipsometry measurements on a hydrophobic PDPA brush in the presence of both single and mixed salt solutions. We will show that the mean-field theory predictions are accurate and that the ionic composition of the solution must be considered when studying the behavior of polyelectrolyte brushes.

Experimental Methods {#sec2}
====================

Materials {#sec2.1}
---------

Silicon wafers with a 2.5 nm native SiO~2~ layer were purchased from Silicon Valley Microelectronics, Santa Clara. Potassium hydroxide for wafer cleaning was obtained from Chem-Supply (AR grade). Silane initiator functionalization reagents including (3-aminopropyl)triethoxysilane (APTES), 2-bromoisobutyryl bromide (BIBB), and triethylamine (TEA) were purchased from Sigma-Aldrich/Merck and used as received. Tetrahydrofuran (THF) was purchased from Honeywell, Burdick and Jackson and was dried over 4 Å molecular sieves (ACROS Organics) for at least one day before use. The 2-(diisopropylamino)ethyl methacrylate (DPA) monomer was purchased from Sigma-Aldrich/Merck and the monomethyl ether hydroquinone inhibitor was removed immediately before polymerization via gravity feeding through an activated-basic alumina column (Sigma-Aldrich/Merck). Polymerization reagents including copper(II) bromide (CuBr~2~, ≥99.9%), 2,2′-bipyridine (bipy, ≥99%), and [l]{.smallcaps}-ascorbic acid (AA, ≥99%) were purchased from Sigma-Aldrich/Merck and used as received. Polymerization solvent 2-propanol (IPA, 99.7%) was purchased from Chem-Supply and used as received. Ellipsometry measurements were performed in solutions of potassium chloride (KCl, ≥99.5%, Sigma-Aldrich/Merck), potassium nitrate (KNO~3~, ≥99%, Alfa Aesar), and potassium thiocyanate (KSCN, ≥98.5%, Alfa Aesar). Solution pH was controlled within ±0.1 of a pH unit using a minimal volume of dilute solutions of potassium hydroxide (KOH, Alfa Aesar) or hydrochloric acid (HCl, Sigma-Aldrich/Merck). Milli-Q water (18.2 MΩ cm at 25 °C, Millipore) was used throughout.

Substrate Cleaning, Initiator Functionalization, and Polymerization {#sec2.2}
-------------------------------------------------------------------

Cleaning of silicon wafers (2 cm by 5 cm) was carried out by the following protocol: (i) UV/ozone treatment (Bioforce, ∼9 mW cm^--2^ at 254 nm) for 20 min, (ii) sonication in Milli-Q water for 20 min with the water replaced every 5 min, (iii) immersion in ∼2.0 M potassium hydroxide solution for 30 s, (iv) rinsing with copious amounts of Milli-Q water, and finally (v) drying under a stream of nitrogen gas.

Initiator functionalization of the cleaned wafers was performed as follows: (i) exposure to APTES (10 drops in small vial) vapor in a vacuum desiccator (\<5 mbar) for 30 min at room temperature, (ii) transfer to 110 °C oven for annealing in air for 30 min, (iii) reaction with a solution (enough volume to immerse the wafers) containing BIBB/TEA/THF in the volume ratio of 0.026:0.03:0:1 for 60 min at room temperature, (iv) rinsing with ethanol and then Milli-Q water, and finally (v) drying under a stream of nitrogen gas. Wafers were functionalized in pairs facing back-to-back in glass vials. The ellipsometric dry thickness of the initiator layer has been measured to be 0.7 ± 0.3 nm,^[@ref21]^ which corresponds to an APTES monolayer on SiO~2~.^[@ref31]^

Polymerization of the bromine-initiator functionalized wafers was performed following our established activators regenerated by electron transfer atom transfer radical polymerization methodology,^[@ref13],[@ref21],[@ref24]^ using 2500:1:10:10 as the molar ratios of DPA/CuBr~2~/bipy/AA. The protocol was as follows: (i) wafers were placed in sealed vials and deoxygenated for at least 15 min under vented nitrogen flow, (ii) a solution containing DPA, CuBr~2~, and bipy, in the target molar ratio was mixed with the solvent, IPA/H~2~O in a 9:1 v/v ratio, and deoxygenated for at least 15 min. The ratio of the DPA monomer to solvent was 1:1 v/v. (iii) AA was added thereby creating the polymerization mixture, (iv) the polymerization mixture was transferred by a syringe to the vials containing the wafers, thus commencing the polymerization. Polymerizations were carried out under a small positive pressure of nitrogen at room temperature (22 ± 0.5 °C). (v) After the desired polymerization time, the wafers were removed and rinsed with ethanol and Milli-Q water in that order and at least twice, and finally (vi) brush-modified wafers were gently dried under a stream of nitrogen and stored. The monomeric repeating unit of poly(2-diisopropylamino)ethyl methacrylate (PDPA) is shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Chemical structure for the repeating unit of poly(2-diisopropylamino)ethyl methacrylate.](la-2018-03838r_0001){#fig1}

Ellipsometry {#sec2.3}
------------

All ellipsometry measurements were performed using a J.A. Woollam M-2000V spectroscopic ellipsometer (Lincoln). Data analysis was carried out with the J.A. Woollam CompleteEASE software package (v 5.19). Dry brush thickness measurements were performed at an angle of 75° at five different locations over the brush-modified wafer. The measured dry height (thickness), *h*~dry~, for the brush studied was 20.7 ± 0.6 nm (at 22 °C, ∼60% relative humidity), consistent with our previous polymer brush studies.^[@ref13],[@ref21],[@ref24]^ The minimum grafting density of a PDPA brush prepared in a manner identical to the one studied in this work was estimated to be ∼0.073 chains per nm^2^ (∼3.7 nm between neighboring chains) using atomic force microscopy-based single-molecule force spectroscopy.^[@ref27]^ This result corresponds to a reduced grafting density of ∼13, where values greater than 5 confirm the brush regime.^[@ref3]^ In situ (solution) measurements on the PDPA brush were performed using a fluid cell at a laser beam angle of incidence of 75°. These measurements were restricted to a single angle as the laser beam must enter and leave the cell perpendicular to the glass windows. The fluid cell volume was 5 mL and to ensure complete solution exchange at least 50 mL of the desired solution was pumped through the cell using a syringe pump (NE-4000, New Era Pump Systems) at a flow rate of 5 mL min^--1^. Complete solution exchange was confirmed by monitoring the solution conductivity and pH at the cell outlet. All measurements were performed at a fixed temperature of 22 °C controlled by the heated stage unit (HLC-100, J.A. Woollam). The brush was maintained in an aqueous environment throughout all the experiments. In this study, two distinct types of experiments were performed on the PDPA brush: (1) salt ramps from 0.5 to 250 mM ionic strength at a constant pH of 4.5. First, KCl, then KNO~3~, and finally KSCN. (2) Mixed salt experiments for solutions of KNO~3~/KCl salts and also KSCN/KCl salts at fixed solution ionic strength values of 10 and 50 mM. Measurements were performed at the following mole fractions of KNO~3~ (or KSCN): 0, 0.1, 0.25, 0.5, 0.75, 0.9, and 1, first for KNO~3~/KCl at 10 mM, then at 50 mM, followed by KSCN/KCl at 10 mM and finally at 50 mM.

For all in situ studies, the ellipsometric quantities Ψ and Δ were recorded as a function of time (data point every 10 s) with data collected, simultaneously, over the spectral range of 370--1000 nm. At each different solution condition, data were recorded for at least 25 min. The ellipsometric spectra were fitted using a multilayer model consisting of sequentially: a 1 mm Si layer, a 2.5 nm SiO~2~ layer, a linear effective medium approximation (EMA, a method of interpolating the dielectric properties, such as the refractive index, for a layer of mixed composition) layer of water and polymer of unknown thickness (height) and composition, and an ambient water layer. Each layer was given a uniform density throughout the polymer layer, consistent with previous studies on solvated polymer brushes with comparable thickness and swelling ranges.^[@ref21],[@ref32]^ Indeed, allowance for density variations throughout the layer thickness (i.e., decaying parabolic or exponential functions) resulted in small variations in the final layer thickness values. For Si, SiO~2~, and water, dielectric values available within the software package were used. The refractive index, *n*, of the polymer brush layer (EMA layer) was described using a Cauchy modelwhere λ is the wavelength in micrometers. A fully transparent polymer layer is considered, and therefore the imaginary part of the complex refractive index was neglected. Cauchy constants of *A* = 1.459, *B* = 0.006, and *C* = 0 were used (measured from the dry brush). The thickness of the EMA layer and the amount of polymer/solvent (water) within the EMA layer were the fit parameters. The maximum error within the brush height values was small, ±2 nm, and was derived from the noise in the collected Ψ and Δ data. Interference of the laser beam with the fluid cell windows resulted in a measured Δ offset of 0.5° which was accounted for in the modeling. Before investigating the influence of added salt on PDPA brush behavior, the brush was exposed to the following successive pH regimes: pH 3.5, pH 10, pH 3.5, pH 10, and finally pH 3.5 at a fixed ionic strength of 10 mM KCl with the results presented in [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.langmuir.8b03838/suppl_file/la8b03838_si_001.pdf).

Theoretical Approach {#sec3}
====================

Numerical self-consistent field (nSCF) theory has been successfully applied to many polymer problems. nSCF predictions align excellently with those of molecular dynamics simulations and is orders of magnitude more computationally efficient. One notable example of the successful implementation of mean-field theory is in the study of weakly charged (ionizable) polymer brushes.^[@ref16]−[@ref18]^ Indeed, many predicted conformational and structural features have been verified experimentally.^[@ref22],[@ref33]−[@ref35]^ It is important to realize that nSCF theory is coarse-grained (all species are of the same shape and size) and, therefore, it is not intended to be quantitative but instead to provide qualitative insight into brush behavior.

Details of the nSCF Theory Used {#sec3.1}
-------------------------------

The lattice model implemented in this work is that of Scheutjens and Fleer,^[@ref36]^ which is described elegantly and in detail elsewhere,^[@ref16],[@ref37],[@ref38]^ so in this section only the essential theory and assumptions made are discussed. To accurately study polymer brushes, the Edwards diffusion equations for polymer chains in inhomogeneous systems must be solved^[@ref39]^where the Green's function *G* is the statistical weight of all possible chain conformations with segment *s*′ = 1, next to the substrate surface (*rz* = 1) and segment *s*′ = *s*, at coordinate *r*, and *u*(**r**) is the dimensionless segment potential. *G* is closely related to the chain partition function (when *s* = *N*, the total number of segments) and hence the Gibbs free energy of the system. Excluded volume interactions, solvent quality, and electrostatic interactions are accounted for by the segment potential (discussed in more detail a little later). Generally, there is no exact analytical solution to [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, but Scheutjens and Fleer,^[@ref36]^ showed that it can be solved numerically with high accuracy. Their formalism uses lattice approximations and the freely jointed chain model (instead of a Gaussian one) for [eq [2](#eq2){ref-type="disp-formula"}](#eq2){ref-type="disp-formula"}, which is important when finite chain extensibility is considered (i.e., freely jointed chains within a lattice cannot stretch beyond their contour length).

The nSCF model used here evaluates the statistical weight of all possible and allowed freely jointed chain conformations of end-tethered chains within the laterally homogeneous brush. The tethered chains (composed of monomers) are immersed in a molecular solvent (with states H~2~O, OH^--^, and H~3~O^+^) containing cationic and anionic salt ions. The model provides density profiles for all segments and importantly the shape of the segment potential profiles carries no assumptions, and thus deviations from analytical forms are allowed. Three distinct components are known to influence the segment potentials. First, there is a Lagrange contribution that is coupled to the (in)compressibility condition ∑~*i*~ϕ~*i*~ = 1, where the index *i*, runs over all "segments" (ϕ) in the system (including solvents and ions). The second contribution is due to the short-ranged interaction (solvency effects) and the final contribution is due to the electrostatic contributions (similar to those in Poisson--Boltzmann theory). The segment potential is made dimensionless via scaling by the thermal energy *kT*, as is done for all energy units.

Short-ranged molecular interactions are defined by Flory--Huggins (nearest neighbor, dimensionless) interaction parameters, χ~*ij*~, whereas the number of contacts between components *i* and *j* are estimated using the Bragg--Williams mean-field approximation. In the case of monovalent ions *z*~*i*~ = ±1, as studied in this work, the segment potential is given by (plus or minus) the dimensionless segment potential Ψ(*z*) = *e*ψ(*z*)/*kT* and evaluation of this electrostatic potential is achieved by solving the Poisson equationwhere, *q*(*z*) is the number distribution of charges, where cations add positively and anions negatively to this quantity, and ε~0~ is the dielectric constant of the solution. It is assumed that the dielectric permittivity is equal to that of water throughout the system.

Polymer brush solvation (swelling) is strongly dependent on the value and sign of the overall virial coefficient, defined as *v* = *v*~bare~ + *v*~el~. The bare virial coefficient, *v*~bare~, is linked to the polymer--water (solvent) interaction parameter, χ~p~, where *v*~bare~ = 1 -- 2χ~p~. The electrostatic contribution, *v*~el~, is inversely proportional to the concentration of mobile salt ions, ϕ~salt~, and a quadratic function of the brush charge density, α~brush~, where *v*~el~ = α~brush~^2^/ϕ~salt~. For polyelectrolytes in good solvents, often *v*~el~ ≫ *v*~bare~, but in poor solvents, the overall virial coefficient, *v*, can change sign which has important consequences for brush behavior. For weakly charged polyelectrolyte brushes, the degree of charged monomer segments (i.e., α~brush~) is dependent on pH, ionic strength, and the local electrostatic potential.^[@ref16]^ The latter is modeled using a two-state theory.^[@ref39]^ For a weakly basic polycation, the monomer B can exist in the neutral unprotonated state and in the cationic protonated state: B + H~3~O^+^ ⇌ BH^+^ + H~2~O. In this model, a monomeric p*K*~a~ of 7 is used for symmetry and to limit the influence of pH on the (bulk) solution ionic strength. The autodissociation of water is implemented as 2H~2~O ⇌ OH^--^ + H~3~O^+^ with a p*K*~w~ of 14. The degree of protonation, α~brush~, at location *z* then follows from: , where Ψ(*z*) represents the local dimensionless electrostatic potential.^[@ref16]^ This means that the degree of charged monomers can vary perpendicular to the substrate, which is important for large Debye screening lengths present at low solution ionic strengths.

After consideration of the above parameters, the best (final) brush structure is found after optimization of the mean-field free energy following these three rules: (1) optimization of the free energy to the Lagrange field gives the (in)compressibility conditions, (2) optimization of the free energy with respect to the segment potentials leads to the rule that segment densities should be computed from specified segment potentials, and (3) optimization of the free energy to the segment densities allows computation of the volume fractions from the segment densities. Here, when the electrostatic potentials follow from the Poisson equation, the free energy with respect to charge distribution has been optimized. Solutions that obey the above rules are said to have potential and densities that are consistent with each other, and are therefore referred to as self-consistent solutions. This process is routinely found numerically by an iterative procedure that is only stopped when at least seven significant digits are obtained for both the potentials and densities of all segments and molecular species. The computer program known as SFbox was used to perform these calculations on a simple laptop computer with very short CPU times (seconds to minutes rather than hours).

Model Implementation {#sec3.2}
--------------------

In this work, the nSCF model for a weak polybasic brush was implemented using a one gradient planar lattice with the key parameters summarized in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}.

![Schematic picture of the model and coordinate system used for the nSCF calculations. A one gradient (dimensional) planar lattice was used, and therefore the only relevant coordinate was that perpendicular to the substrate (*z* direction). Each lattice layer parallel to the substrate contained a volume fraction of each species i.e., monomers, co-ions, counterions, and solvent (water); with the size of each species equal to the lattice size. The grafting density, σ, (chains per lattice site *l*^2^) was fixed by the volume fraction of chain grafting points in the first lattice layer after the substrate. Monomers and water can be uncharged or charged. The interaction of the monomer segments (polymer chain) and counterion species with the solvent (water) was set by their Flory--Huggins χ interaction parameters, χ~p~, χ~c1~, and χ~c2~, respectively.](la-2018-03838r_0002){#fig2}

For all nSCF theory results presented, each lattice site had a length, *l*, (size) of 0.5 nm, the degree of polymerization of the polymer chains, *N*, was set to 100 and the grafting density, σ, was 0.025 chains per lattice site *l*^2^. This grafting density is in the brush regime as π*N*^0.5^ \> σ^--0.5^ (ratio is 5 in this case),^[@ref3]^ which corresponds to 0.1 chains per nm^2^ or ∼3.2 nm between neighboring chains. The polymer--water or χ~p~ interaction parameter was held at 2 (a realistic value that is consistent with experimentally determined values for hydrophobic methacrylate-based polymers^[@ref40]^). The solution (bulk) ionic strength and pH were controlled by the volume fraction of positively charged co-ions, ϕ~co~ (referred to as ϕ~salt~), and H~3~O^+^ ions, respectively, whereas the volume fraction of counterions, ϕ~c~, was set by the electroneutrality constraint for the bulk solution. Important for this work, the specific ions (and mixed salt effects) were approximated by assigning χ parameters for the counterions, χ~c~, in the system that defined their affinity for the solvent (water). χ~c~ \< 0.5 were for counterions that have a strong (good) affinity for water, e.g., strongly hydrated ions, and χ~c~ \> 0.5 (up to 2.5) were for increasingly weaker (poorer) counterion--water interactions, e.g., weakly hydrated ions. We have recently shown that this was a valid approach to approximate the specific anion behavior observed in experimental work on a weak polybasic brush.^[@ref22]^ For the mixed salt cases, two distinct counterion species were present in solution, c1 and c2, and therefore two distinct χ~c~ parameters were used for the c1 and c2 species (χ~c1~ and χ~c2~). In the calculations, χ~c1~ was always fixed at 0, whereas χ~c2~ values of either 1 or 2.5 were used. Salt titrations from low to high ionic volume fractions (ionic strength) were performed for varying fractions of c2 counterions in bulk solution from 0 (all c1) through to 1 (all c2). Reported nSCF theory brush heights (when in solvent), *h*, are defined as two times the first moment of the monomer volume fraction profiles. *h*~dry~ refers to the total amount of polymer in the *z*-coordinate system or the "dry" nSCF theory brush height. Counterion localization within the brush is determined by calculating the excess amount of the given counterion ion, θ~c1 or c2~^brush^, in the brush compared to its bulk solution value: θ~c1 or c2~^brush^ = ∑~*i*~ϕ~c1 or c2~(*z*) -- ϕ~c1 or c2~^bulk^ (where *z* varies across the height of the brush).

Results and Discussion {#sec4}
======================

This section is split into two main parts. First, to set the foundations, ellipsometry results are presented and discussed for a PDPA brush immersed in solutions composed of only single salt types. The results of complementary nSCF calculations are also discussed. Brush response to added salt is shown to be dependent on both the concentration and the type of salt in solution. Second, mixed salt solutions are considered and remarkable qualitative agreement between the ellipsometry results and mean-field theory is found and discussed. Here, the behavior of the hydrophobic PDPA brush is dominated by weakly hydrated anions.

Single Salt Solutions: KCl, KNO~3~, and KSCN {#sec4.1}
--------------------------------------------

All experiments studying the effect of added salt on the behavior of the PDPA brush were performed at pH 4.5, which corresponds to pH -- p*K*~a~ ≈ −2 since the brush p*K*~a~ is 6--6.5.^[@ref13],[@ref15]^ pH -- p*K*~a~ is used to allow for comparison to the nSCF theory results that are discussed later. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} presents the brush height as a function of solution ionic strength (0.5--250 mM) for K^+^ salts of Cl^--^, NO~3~^--^, and SCN^--^, as measured by ellipsometry. For all three anions, the brush response to added salt was nonmonotonic, as expected for weak polybasic brushes,^[@ref24]^ and this will first be discussed for the KCl case. Starting at the lowest ionic strength and when salt is gradually added to solution, the brush swells. This corresponds to the osmotic brush regime where increases in salt allow the brush to become more charged and the concomitant localization of counterions and water within the brush provides an osmotic driving force for swelling. In the second regime, between 1 and 10 mM, the brush height remains constant, which corresponds to a regime where the brush is fully charged and where there is no additional driving force for further chain extension (or swelling). Finally, the brush height gradually decreases with greater ionic strengths and this is the behavior expected for the salted brush regime. Here, Debye lengths become small and the screening of charges causes a reduction in brush swelling. These three regimes are discussed in more detail in the [Introduction](#sec1){ref-type="other"}. For the KNO~3~ case, the behavior is largely similar, except that the transition to the osmotic brush regime is more abrupt and the reduction in brush swelling within the salted brush regime is slightly more. On the other hand, for the KSCN case, the behavior is significantly different with swelling substantially reduced. Moreover, the salted brush regime is found at much lower ionic strengths compared to the other two salts; compare 5 mM for KSCN and 50 mM for KCl and KNO~3~, which is an order of magnitude difference.

![Brush height of the PDPA brush as determined by ellipsometry (*h*~dry~ = 20.7 ± 0.6 nm) as a function of ionic strength for K^+^ salts of Cl^--^ (green box solid), NO~3~^--^ (blue triangle up solid), and SCN^--^ (red circle solid). All experiments were performed from low to high ionic strength and the solution pH was fixed at pH 4.5 ± 0.1 (pH -- p*K*~a~ ≈ −2).](la-2018-03838r_0003){#fig3}

From [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, clear anion-specific effects are evident. These effects were first described in our previous works for a family of weak polybasic brushes including PDPA,^[@ref22],[@ref24]^ but not for KCl. In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, overall the PDPA brush was most swollen in solutions of KCl, less swollen in KNO~3~ solutions, and collapsed in KSCN solutions. We believe that the most convincing way to rationalize this specific anion response is by considering the different hydration properties of the anions and how this influences their interaction with the hydrophobic polymer. It is not the hydrated anion size that merits consideration,^[@ref41]^ but instead it is a combination of both the hydration strength of anions (or their ion--water affinity) and their ability to screen charges. In terms of ion--water affinity, Cl^--^ anions are strongly hydrated, whereas NO~3~^--^ and SCN^--^ anions are progressively less so, i.e., more weakly hydrated (as judged by their Jones--Dole viscosity *B* coefficients).^[@ref42]^ Also, molecular dynamics simulations have revealed that weakly hydrated anions (I^--^ was studied) are more efficient at screening the charge of low charge density alkyl-ammonium moieties than strongly hydrated anions (F^--^ was studied).^[@ref43]^ Indeed, the effects seen in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for the swelling of the PDPA brush correlate well with the findings of Ries-Kautt and Ducruix for the effectiveness of these anions in crystallizing the basic (net positive) protein lysozyme at pH 4.5 (interaction with positively charged alkyl-ammonium segments at pH 4.5), where SCN^--^ \> NO~3~^--^ \> Cl^--^,^[@ref44]^ and the tendency of the anions to adsorb to the cross-linked dextran gel Sephadex G-10, where SCN^--^ ≫ Cl^--^.^[@ref45]^

The ionic strength and specific anion response of the PDPA brush was also investigated using nSCF theory.^[@ref22],[@ref30]^ Here, salt titrations were performed at pH -- p*K*~a~ = −2 (selected to be similar to the value studied experimentally), at a χ~p~ value of 2 for a hydrophobic polymer like PDPA, and for χ~c~ values of 0, 1, and 2.5 to mimic the strongly and the increasingly more weakly hydrated anions, respectively. Data are presented for calculations from bulk solution ionic volume fractions of 5 × 10^--4^ up to 0.05 (solution ionic strengths). The predicted brush height for the three χ~c~ cases as a function of added salt is presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"} together with the fraction of charged monomers. For all cases, at low ionic strengths and with increasing added salt, the osmotic brush regime is found and as the fraction of charged monomers increases the brush swells. The salted brush regime is found at higher ionic strengths and even though the maximum degree of charge is reached, the brush height decreases due to Debye screening effects. Moreover, a remarkable qualitative agreement is found between theory and experiments for the specific anion response of the brushes. Here, χ~c~ = 0 qualitatively matches the behavior seen for Cl^--^, whereas χ~c~ = 1 matches the NO~3~^--^, and χ~c~ = 2.5 matches the SCN^--^. It is important to note that for all cases, brush electroneutrality is maintained i.e., the total ϕ~positive~ species (charged monomers, co-ions, and H~3~O^+^) within the brush equals that of the total ϕ~negative~ species (counterions and OH^--^). However, the ratio of the total ϕ~water~ to total ϕ~monomers~ within the brush varies substantially with counterion identity. The total ϕ~monomers~ is constant for all conditions, so variation in this ratio is due to changes in ϕ~water~, or the hydration state of the brush, the observed specific-counterion response. Overall, the good qualitative agreement between the ellipsometry results and the nSCF theory suggests that the modeling approach is indeed a valid one.

![Predicted brush height (nSCF theory) on the left axis and fraction of charged monomers on the right axis both as a function of ionic volume fraction (ϕ~salt~, ionic strength) for a hydrophobic (χ~p~ = 2) weak polybasic brush. Data for a constant bulk solution pH -- p*K*~a~ = −2 for increasing values of χ~c~. *N* = 100, σ = 0.025 chains per lattice site,^[@ref2]^ and *h*~dry~ = 2.5.](la-2018-03838r_0004){#fig4}

Mixed Salt Solutions: KNO~3~/KCl and KSCN/KCl {#sec4.2}
---------------------------------------------

The response of the PDPA brush to solutions containing mixtures of two different salts was also investigated using ellipsometry with data collected for total solution ionic strengths of 10 and 50 mM at pH 4.5 (pH -- p*K*~a~ ≈ −2). Measurements were performed for two cases: first, NO~3~^--^/Cl^--^ and second, SCN^--^/Cl^--^ mixtures with the mole fraction of NO~3~^--^ or SCN^--^ varied from 0 (all Cl^--^) through to 1 (all NO~3~^--^ or all SCN^--^). Ellipsometric brush height as a function of the mole fraction of NO~3~^--^ (or SCN^--^) in solution is presented in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a. But, to facilitate comparison between all the cases that have been studied, the influence of mixed salts on brush behavior (both from experiment and theory) is also presented as a normalized height defined aswhere, *h*~condition~ is the brush height at the given condition, *h*~only c2~ is the brush height in only c2 ions (or NO~3~^--^/SCN^--^), and *h*~only c1~ is the brush height in only c1 ions (or Cl^--^).

![(a) Brush height as measured by ellipsometry on the PDPA brush and (b) normalized height as a function of the mole fraction of NO~3~^--^ or SCN^--^ for mixed salt solutions of NO~3~^--^/Cl^--^ (blue triangle up open, blue triangle up solid) and SCN^--^/Cl^--^ (red circle open, red circle solid). Data are presented for two different solution ionic strength values of 10 mM (open symbols) and 50 mM (closed symbols). Also, shown by the diagonal line is the linear combination of the two ions. All experiments were performed from a mole fraction of NO~3~^--^ or SCN^--^ equal to 0 through to 1, and the solution pH was fixed at pH 4.5 ± 0.1 (pH -- p*K*~a~ ≈ −2).](la-2018-03838r_0005){#fig5}

[Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b presents the ellipsometric normalized height of the PDPA brush as a function of the mole fraction of NO~3~^--^ or SCN^--^ anions in solution, from 0 to 1, for total ionic strengths of 10 and 50 mM. At a mole fraction of NO~3~^--^ or SCN^--^ equal to 0, the normalized height is 1, i.e., the height measured in the presence of only Cl^--^ anions. Conversely, at a mole fraction of NO~3~^--^ or SCN^--^ equal to 1, the normalized height is 0, i.e., the brush height measured in the presence of only NO~3~^--^ or SCN^--^ anions. The solid diagonal line is very important as it represents the case where the height of the brush is determined (hypothetically) by a linear combination of the mole fraction weighted height of each ion and is termed the "symmetric" height that is defined by the following expressionwhere, *x*~c1~ and *x*~c2~ are the mole fractions of c1 (Cl^--^) and c2 (NO~3~^--^ or SCN^--^) ions, respectively. By this definition, for any condition where the normalized height is above the symmetry line, the height of the brush in the mixed salt solution is dominated by Cl^--^ (c1), and conversely if the normalized height is below the symmetry line, the brush height is dominated by NO~3~^--^ or SCN^--^ (c2).

First, the results for NO~3~^--^/Cl^--^ mixtures will be discussed. In this case for both total solution ionic strengths, the measured data overlays the symmetry line very closely and the brush height at a given mole fraction of NO~3~^--^ is simply the concentration-weighted linear combination of the brush immersed in solution containing only the single anions. In contrast, for the SCN^--^/Cl^--^ mixtures the behavior is much more complex and significant divergence below the symmetry line is observed, which is more pronounced at 50 mM than at 10 mM. Starting at low SCN^--^ mole fractions, the measured data follows, or even slightly moves above, the symmetry line indicating that the impact of the Cl^--^ is dominant. At higher SCN^--^ mole fractions, the SCN^--^ anions clearly dominate the Cl^--^ anions in determining the brush behavior. Indeed, for the 50 mM case and at a SCN^--^ mole fraction of 0.75, the normalized height of the PDPA brush was already 0, i.e., the same height as for a solution containing only SCN^--^ anions. Similarly, Moghaddam and Thormann have observed that the stability of untethered poly(propylene oxide) (PPO, a neutral thermoresponsive polymer) when immersed in salt mixtures is not always determined simply by the linear combination of individual salts present.^[@ref46]^ They observed that in single salt solutions, SCN^--^ and I^--^ had a salting-in effect on PPO, i.e., these anions interact favorably with PPO and provide stabilization. For mixtures of SCN^--^ and I^--^, the combined salting-in behavior was not additive, but instead SCN^--^ dominated I^--^ in governing the overall stability of PPO, similar to what is seen in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b for mixtures of SCN^--^ and Cl^--^ for a PDPA brush.

Numerical SCF calculations,^[@ref30]^ presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}, were also performed to compare with the ellipsometry findings. In [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b, the predicted brush height and normalized height of the brush, respectively, is plotted as a function of the mole fraction of c2 counterions in the bulk solution, where χ~c2~ was equal to either 1 or 2.5 and χ~c1~ was kept constant at 0. Data for two different solution ionic volume fractions of 0.006 and 0.03 are presented. [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c presents the fraction of c1 counterions localized within the brush as a function of fraction c2 counterion in the bulk solution for the same conditions as [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a,b. The nSCF theory results for mixtures of χ~c2~ = 1 and χ~c1~ = 0 counterions will be discussed first. Here, like the NO~3~^--^/Cl^--^ mixed salt experiments, the normalized height of the brush closely follows the symmetry line for increasing mole fractions of c2 counterions in the bulk solution. nSCF calculations show that the fraction of c1 counterions localized within the brush also follows the symmetry line, thus revealing no preferential interaction of these two counterions with the brush. For χ~c2~ = 2.5 and χ~c1~ = 0 counterion mixtures, the normalized height only follows the symmetry line at low fractions of c2 counterions in the solution, whereas at higher c2 counterion fractions in solution, the normalized height diverges significantly below the symmetry line and again this is more pronounced at higher ionic strength just like for the SCN^--^/Cl^--^ experimental data in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. The same trend is observed for the localization of c1 counterions over c2 counterions within the brush. Since there is a preferential localization of the χ~c2~ = 2.5 counterions over the χ~c1~ = 0 counterions within the brush, swelling is restricted.

![nSCF theory results for (a) the height and (b) the normalized height of the brush as well as (c) the mole fraction of c1 counterions localized within the brush as a function of the fraction of c2 counterions in the bulk solution. Data are presented for two different c1/c2 pairs: χ~c1~ = 0 with χ~c2~ = 1 (blue triangle up open, blue triangle up solid) and χ~c1~ = 0 with χ~c2~ = 2.5 (red circle open, red circle solid) at two bulk solution ionic volume fractions of 0.006 (open symbols) and 0.03 (closed symbols). For both c1/c2 combinations, the fraction of charged monomers at ϕ~salt~ = 0.006 and ϕ~salt~ = 0.03 was ∼0.93 and ∼0.98, respectively (where 1 is complete charging). All nSCF calculations were performed at fixed bulk solution pH of 5 (pH -- p*K*~a~ = −2).](la-2018-03838r_0006){#fig6}

Comparison of the experimental results with theory shows that ion hydration (or hydrophobicity) is sufficient to explain the effect the different ions have on brush swelling. In the nSCF theory, the poorly hydrated and relatively more hydrophobic ions (χ~c~ = 2.5) have greater affinity for the monomer residues (χ~p~ = 2). The fact that the brush behavior predicted by nSCF theory qualitatively matches the ellipsometry data well allows us to suggest that this occurs in reality as well. However, this alone does not exclude other mechanisms that may be at play. In real industrial applications, mixed salts will nearly always be present. Here, one needs to be aware that even at low ion fractions the brush behavior can be dominated by the more strongly interacting ion due to ion accumulation in the brush. This is also expected to occur in biological brush systems.

The ellipsometry measurements strongly support the nSCF theory as evidenced by the good qualitative connection between the data sets. Further insight could be gained by experimentally measuring the ion concentrations and composition within the brush relative to that of the bulk solution. Because this is a considerable experimental challenge, small-angle X-ray scattering,^[@ref47]^ surface-enhanced Raman spectroscopy,^[@ref48]^ and developments by the Bain group in the technique of total internal reflection Raman spectroscopy^[@ref49]^ might make these measurements possible. Alternatively, grafting the polyelectrolyte brushes from particles would increase the polymer surface area by orders of magnitude. For this scenario, insight into counterion localization in brushes could be gained by performing ion depletion experiments with respect to the bulk electrolyte solution (using, for example, ion chromatography measurements to quantify the ion concentration and composition).

Conclusions {#sec5}
===========

Spectroscopic ellipsometry has been used to investigate the swelling of a hydrophobic PDPA brush in response to aqueous solutions containing K^+^ salts of either Cl^--^, NO~3~^--^, or SCN^--^ as well as to solutions composed of salt mixtures (at a pH lower than the brush p*K*~a~). Results were compared to nSCF calculations that accounted for polymer--water and counterion--water affinities through the use of Flory--Huggins interaction parameters. For the single salt solutions, nonmonotonic variation in the swelling of the PDPA brush as a function of added salt was observed and within this response there was specific anion behavior. At low ionic strength, the brush height was very sensitive to small increases in the amount of added salt, the osmotic brush regime. Movement to higher ionic strengths resulted in reductions in brush swelling due to Debye screening effects, the salted brush regime. In the presence of Cl anions, brush swelling was the greatest. Swelling was reduced in the presence of NO~3~^--^, whereas in solutions of SCN^--^ the PDPA brush was collapsed. This specific anion response was attributed to a combination of the different ion--water affinities of the three anions and the differing effectiveness of these anions in screening the charge of the low charge density monomer segments.

PDPA brush behavior was studied for two mixed salt cases, namely mixtures of NO~3~^--^/Cl^--^ and mixtures of SCN^--^/Cl^--^ by varying the mole fraction of NO~3~^--^ or SCN^--^ anions in solution from 0 progressively through to 1 for two fixed solution ionic strengths. For the case of NO~3~^--^/Cl^--^ mixtures, brush swelling was simply the linear combination of the brush behavior measured for the single salt solutions, i.e., at a NO~3~^--^ mole fraction of 0.5 the brush height was halfway between that measured for the pure NO~3~^--^ and pure Cl^--^ cases. For the SCN^--^/Cl^--^ cases, the brush swelling response was more complex and considerable deviation from the average behavior was observed. SCN^--^ dominated over Cl^--^ in determining brush behavior and this was more pronounced at higher solution ionic strength. Excellent qualitative agreement was found between the ellipsometry results and the nSCF calculations. For the χ~c1~ = 0/χ~c2~ = 2.5 cases (matching the SCN^--^/Cl^--^ cases), nSCF theory revealed predominant localization within the brush of the χ~c2~ = 2.5 counterions over the χ~c1~ = 0 counterions. This was not seen for the χ~c1~ = 0/χ~c2~ = 1 cases (matching the NO~3~^--^/Cl^--^ cases). These results suggest that the mixed salt swelling behavior of the PDPA brush arises from preferred interaction of the hydrophobic polymer with the weakly hydrated SCN^--^ compared to more strongly hydrated Cl^--^.
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